Stent implantation alters coronary artery hemodynamics and wall shear stress during maximal vasodilation. Coronary stents improve resting blood flow and flow reserve in the presence of stenoses, but the impact of these devices on fluid dynamics during profound vasodilation is largely unknown. We tested the hypothesis that stent implantation affects adenosineinduced alterations in coronary hemodynamics and wall shear stress in anesthetized dogs (n ϭ 6) instrumented for measurement of left anterior descending coronary artery (LAD) blood flow, velocity, diameter, and radius of curvature. Indexes of fluid dynamics and shear stress were determined before and after placement of a slotted-tube stent in the absence and presence of an adenosine infusion (1.0 mg/min). Adenosine increased blood flow, Reynolds (Re) and Dean numbers (De), and regional and oscillatory shear stress concomitant with reductions in LAD vascular resistance and segmental compliance before stent implantation. Increases in LAD blood flow, Re, De, and indexes of shear stress were observed after stent deployment (P Ͻ 0.05). Stent implantation reduced LAD segmental compliance to zero and potentiated increases in segmental and coronary vascular resistance during adenosine. Adenosine-induced increases in coronary blood flow and reserve, Re, De, and regional and oscillatory shear stress were attenuated after the stent was implanted. The results indicate that stent implantation blunts alterations in fluid dynamics during coronary vasodilation in vivo.
deployment within the stented region may contribute to restenosis after stent placement. Stent geometry may affect coronary flow reserve (29) and produce reductions in wall shear stress and resistance after implantation. Whether alterations in resistance and temporal wall shear stress distributions occur during coronary vasodilation after stent implantation is presently unknown. Identification of the hemodynamic factors that may contribute to restenosis may lead to improved stent design and application. Thus we tested the hypothesis that stent implantation alters the actions of the coronary vasodilator, adenosine, on coronary fluid dynamics and temporal wall shear stress in anesthetized dogs.
MATERIALS AND METHODS
All experimental procedures and protocols used in this investigation were reviewed and approved by the Animal Care and Use Committee of the Medical College of Wisconsin and Marquette University. All conformed to the "Guide for the Care and Use of Laboratory Animals" (Office of Science and Health Reports, DRR/NIH, Bethesda, MD 20205).
Surgical preparation. Adult mongrel dogs (n ϭ 6) of either sex, weighing between 25 and 30 kg, were fasted overnight, anesthetized with pentobarbital sodium (25 mg/kg) and barbital (200 mg/kg), and ventilated by using positive pressure with a mixture of oxygen (28-30%) and air after tracheal intubation. Respiratory rate and tidal volume were adjusted to maintain arterial blood pH and the PCO 2 within physiological limits. Fluid deficits were replaced before experimentation with 500 ml of 0.9% saline, which was continued at 3 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 for the duration of each experiment. Fluid-filled catheters were inserted into the right femoral vein and artery for fluid administration and arterial blood-gas sampling, respectively. A thoracotomy was performed in the fifth intercostal space, the lungs gently retracted, and the pericardium opened.
Left ventricular and coronary artery instrumentation. The instrumentation used to assess alterations in coronary and systemic hemodynamics is illustrated in Fig. 1 and was consistent across all interventions and experiments. A 7-Fr, dual-micromanometer-tipped catheter (Millar) was inserted into the left ventricle (LV) and ascending aorta for measurement of LV and arterial pressures, respectively. Transit-time (Transonic) and Doppler flow probes were placed around the proximal left anterior descending coronary artery (LAD) for measurement of blood flow and local blood flow velocity proximal to the stent inlet, respectively. A second Doppler flow probe was positioned ϳ16 mm distal to the proximal probe for measurement of local velocity at the outlet of the deployed stent. A silk ligature was placed around a small distal branch of the LAD for subsequent use in stent placement. A 2.5-mm ultrasonic segment length transducer (Triton) was placed around the LAD for measurement of continuous external coronary artery diameter. A pair of ultrasonic segment length transducers was positioned on the epicardial surface of the LAD perfusion territory for measurement of diameter of curvature of the LV free wall. A fluid-filled catheter was inserted into the left atrium through the atrial appendage for administration of adenosine. Hemodynamic data were digitally recorded (364 Hz) by using a computer interfaced with an analog-to-digital converter.
Experimental protocol. Intravenous heparin (100 IU/kg) was administered at the completion of the surgical preparation (26) . Baseline systemic and coronary hemodynamics were recorded 30 min after completion of instrumentation. Adenosine was infused (1.0 mg/min) by using the left atrial catheter to achieve maximum LAD vasodilation, as assessed by a sevenfold increase in diastolic coronary blood flow (31) , and hemodynamics were recorded under steady-state conditions after a 20-min equilibration period. The adenosine infusion was then discontinued, and hemodynamics were allowed to return to baseline values. A 2.5 ϫ 16 mm slottedtube stent was positioned between the two Doppler flow velocity probes by using the small distal arterial branch of the LAD that had been snared during the surgical preparation. The stent was deployed by using a stent-to-artery size ratio of 1.1-1.2:1 (11) . The distal LAD branch was then resnared after the stent had been successfully deployed. Hemodynamics were recorded 30 min after the stent had been placed, and the adenosine infusion was repeated by using the methods described above. Each dog was euthanized with an overdose of pentobarbital sodium after completion of the experiment, and the position of all instruments and the stent was confirmed.
Ensemble averaging of hemodynamics. LV and aortic blood pressure, LAD blood flow, proximal and distal LAD blood velocity, LAD external diameter, and LAD diameter of curvature waveforms were digitally recorded at end expiration for each intervention. A representative time series of one cardiac cycle for each waveform (Fig. 2) was generated by using a custom-designed (Matlab, Mathworks, Natick, MA) program that referenced peak LV pressure to spatially align the variables in each digitized waveform, segment each variable time series, and ensemble average the segments.
Determination of blood viscosity. Blood viscosity () during each intervention was measured in duplicate at 37°C for six different shear rates (15, 30, 56.25, 75, 187 .5, and 375 s Ϫ1 ) by using a cone and plate viscometer (DVII ϩ , Brookfield Engineering Labs, Stoughton, MA). The was then plotted against shear rate, and relations describing a three-constant exponential decay relationship of the curve were obtained for each intervention by using Marquardt-Levenberg algorithm with commercially available software (Sigma Plot 2000, SPSS, Chicago, IL).
Calculation of indexes of coronary fluid dynamics. The internal LAD radius (ri) was determined by using the equation ri ϭ (r o 2 Ϫ V/L) 1/2 , where r o 2 is the external LAD radius, L is the length between proximal and distal Doppler flow velocity probes in situ, and V is the ratio of the excised vessel weight to density (assumed as 1.06 g/ml) (22) . Reynolds number (Re) describes the ratio of convective inertial forces to shear forces in a cylinder and was calculated by using equation Re ϭ 2ri ⅐ ⅐ /, where is the blood density (1.06 g/ml) and is the temporal mean of the coronary blood flow velocity. Dean number (De) considers the effects of coronary artery curvature on the axial velocity profile and secondary flow and was determined as De ϭ (2␦) 1/2 ⅐ 4 Re, where ␦ is the ratio of LAD ri to the radius of curvature (15) . The Womersley number (␣) characterizes the ratio of oscillatory inertial forces to shear forces and was estimated as the product of LAD ri and the square root of the ratio of angular frequency to (15) . Secondary Re (Res) considers the combined actions of LAD pulsatility and curvature and was approximated as (De/4␣) 2 (19) . Regional shear rate (␥) was estimated from coronary blood flow rate (Q ) and ri by using the equation ␥ ϭ 4 Q /r i 3 and refers to the temporally varying shear rate on the walls of the epicardial LAD. Mean and diastolic coronary vascular resistances were calculated as the ratios of mean and diastolic arterial pressures to mean and diastolic coronary blood flows, respectively. Coronary flow reserve was estimated as the ratio of maximum blood flow during vasodilation to resting flow (24) . LAD segmental compliance (C) in the region designated for stent implantation was determined as C ϭ (dD) ⅐ d ⅐ L/2dP, where dD and d are the change Fig. 1 . A: schematic diagram of the instrumentation utilized to determine arterial pressure, left anterior descending coronary artery (LAD) regional and local blood flow velocity, external vessel diameter, and the site of stent implantation. B: the location of the epicardial and myocardial luminal surfaces and the ultrasonic segment length transducers used to determine the diameter of curvature of the left ventricular (LV) free wall in the LAD perfusion territory. and maximum internal diameter, respectively, of the LAD, dP is the change in arterial pressure during diastole, and L is the length of the deployed stent (17) . Additionally, Poiseuillean resistance (PR) in the stented region was calculated as PR ϭ 8L/r i 4 . Estimation of local blood flow velocity and shear rate. Local blood flow velocity was determined 1-3 mm proximal and distal to the implanted stent at the epicardial and myocardial luminal surfaces of the LAD. Doppler pulse penetration depth was monitored by digital readout of the Doppler module adjustable focus depth. Digitized sample volumes (ϳ0.23 mm 3 ) were obtained at a minimum of 14 axial depths across the vessel and converted to velocity by using the equation ϭ 2⌬fc/f o cos, where is the blood velocity, ⌬f is the Doppler frequency shift, fo is the initial frequency of the ultrasonic pulse, c is the wave speed, and is the piezoelectric crystal insonation angle (1) . Doppler penetration depths rendering zero blood flow were assumed to be indicative of the epicardial and myocardial luminal surfaces. Velocity waveforms at each axial depth were ensemble averaged ( Fig. 3A) and spatially aligned to reconstruct velocity profiles ( Fig. 3B ) for each intervention. Least squared interpolation was then per- formed (20) to acquire near wall velocity, assuming no slip at the vessel wall. Wall shear rate (␥ u) was also calculated by using a finite difference method that allowed determination of localized estimations from blood flow velocity measurements at the epicardial and myocardial luminal surfaces of the LAD proximal and distal to the implanted stent by using the differential equation ␥ u ϭ Ϫ‫ץ‬u/‫ץ‬r, where ‫ץ‬u/‫ץ‬r is the partial derivative of the velocity magnitude with respect to the radial position (r) ( Fig. 3C) (6) . Determination of regional and local shear stress. Regional () and local shear stress ( u; Fig. 3D ) for each time point in the cardiac cycle were calculated as the product of the measured in vivo viscosity and the regional or local shear rate. Oscillatory shear stress ( os) was determined as the magni-tude of the waveform. The rate of oscillatory shear stress (os) was calculated as the product of os and heart rate.
Statistical analysis. Statistical analysis of data within and between groups was conducted by using multiple ANOVA for repeated measures followed by application of Student-Newman-Keuls test. Changes within and between groups were considered statistically significant when P Ͻ 0.05. All data are expressed as means Ϯ SE.
RESULTS
The systemic and coronary hemodynamic effects of adenosine in the absence and presence of an endovascular stent are summarized in Table 1 . Temporal al- Values are means Ϯ SE; n ϭ 6. HR, heart rate; MAP, mean arterial pressure; LVSP and LVEDP, left ventricular systolic and end-diastolic pressures, respectively; LV ϩ dP/dtmax, maximum rate of increase of left ventricular pressure; DCBF and MCBF, diastolic and mean coronary blood flow, respectively; DCVR and MCVR, diastolic and mean coronary vascular resistance, respectively; PR, Poiseuillean resistance; C, LAD segmental compliance; ␣, Womersely number. Significantly different from * baseline, † adenosine alone, and ‡ stent (P Ͻ 0.05).
terations in systemic and coronary hemodynamics before and after adenosine infusion and in the presence or absence of the stent are illustrated in Fig. 2 . Administration of adenosine produced significant (P Ͻ 0.05) decreases in heart rate, mean arterial and LV systolic pressure, and maximum rate of increase of LV pressure (LV ϩdP/dt max ). LV end-diastolic pressure was unchanged. Increases in diastolic and mean coronary blood flows and corresponding reductions in segmental Poiseuillean and mean and diastolic coronary vascular resistance were also observed. LAD segmental compliance decreased during adenosine infusion. Adenosine increased Re (80 Ϯ 4 to 302 Ϯ 19), De (82 Ϯ 5 to 310 Ϯ 18), and Re s (55 Ϯ 7 to 868 Ϯ 116) before stent implantation ( Fig. 4) . A decrease in ␣ also occurred ( Table 1) . Increases in (10.7 Ϯ 0.6 to 41.4 Ϯ 1.5 dyn/cm 2 ), os (12.4 Ϯ 1.5 to 47.7 Ϯ 3.6 dyn/cm 2 ), and os (1,693 Ϯ 209 to 5,704 Ϯ 650 dyn ⅐ cm Ϫ2 ⅐ min Ϫ1 ) were observed during administration of adenosine (Fig. 5) . The u at the epicardial and myocardial luminal surfaces of the vessel also increased during infusion of adenosine before stent implantation ( Fig. 6) .
Placement of the endovascular stent did not alter systemic hemodynamics (Table 1) . Increases in coronary blood flow and reductions in mean and diastolic coronary vascular as well as segmental Poiseuillean resistance were observed after stent implantation. LAD segmental compliance was equal to zero after stent implantation. Increases in Re, De, and Re s also occurred ( Fig. 3 ), but ␣ was unchanged. The os and os increased after stent implantation (Fig. 5 ). In contrast, u was unchanged immediately proximal and distal to the stent at the epicardial and myocardial luminal surfaces of the vessels.
Adenosine produced similar alterations in systemic hemodynamics in the presence and absence of the stent. Declines in heart rate, mean arterial pressure, and LV ϩdP/dt max were observed during administration of adenosine after stent placement. Adenosineinduced increases in diastolic and mean coronary blood flow concomitant with reductions in Poiseuillean and coronary vascular resistance were observed. However, the changes in these variables were attenuated in the presence of the stent. Coronary blood flow reserve was also reduced by stent implantation (144 Ϯ 8 to 86 Ϯ 8 ml/min). Increases in Re, De, and Re s were observed during administration of adenosine infusion after stent implantation but were significantly lower than those observed before the stent was deployed (Fig. 4) . Adenosine-induced increases in , os , and os were also attenuated in the presence compared with the absence of the stent (Fig. 5 ). However, increases in u proximal and distal to the stent were similar to those observed during administration of adenosine before the stent was implanted (Fig. 6 ). There were no differences in between interventions.
DISCUSSION
Intimal hyperplasia within a stented region of the coronary arteries remains a significant problem in 15-20% of patients (10, 27, 28) . A number of studies have extensively examined the time course and physiological mechanisms of vessel restenosis after stent placement, but the role of changes in coronary fluid dynamics in this process has not been thoroughly investigated (9, 25) . Alterations in coronary hemodynamics within the stented region may contribute to restenosis concomitant with vascular injury sustained during implantation. Tissue responses resulting from stent implantation may persist for up to 3 mo after the intervention (28) and vary with stent type (14) . In addition, recent evidence suggests that u distributions during this time may influence vascular smooth muscle cell response to the sustained vascular injury (18) . The geometry of the involved vessel is an important factor that influences shear stress distributions (21) , and regions of maximal intimal thickening have been strongly correlated with areas of low wall shear stress and deviations of the principal u vector from the prominent flow direction in other arterial vascular beds (16) . Intimal hyperplasia has also been shown to occur in regions of low shear stress proximal and distal to a stent (13) , suggesting that altered shear stress distributions may contribute to restenosis in these areas after stent deployment (5, 33) . The impedance mismatch between an implanted stent and the native artery may lead to secondary flow and contribute to neointimal hyperplasia (5) . Stent implantation likely causes alterations in spatial and temporal wall shear stress gradients, which have been associated with altered membrane fluidity and proliferation in isolated endothelial cells (2, 7) . Taken as a whole, these data support the hypothesis that changes in fluid dynamics due to stent geometry may be risk factors for restenosis. Importantly, studies conducted to date have evaluated the impact of stents on fluid dynamics under steady-state conditions but not during increases in blood flow resulting from exercise or exogenously administered vasodilators. This is the first study to investigate the role of changes in coronary fluid dynamics during vasodilation in the presence and absence of a coronary stent. The present results indicate that stent implantation produces a modest increase in coronary blood flow concomitant with a reduction in coronary vascular resistance. Increases in regional wall shear stress and wall os observed after stent placement can be attributed to the increase in coronary blood flow because viscosity was constant for the duration of the experiments. Regulation of coronary artery blood flow occurs at the arteriolar level under normal conditions. Mechanical stimulation of the normal endothelial barrier during stent implantation may have produced modest coronary vasodilation by a nitric oxide-mediated mechanism (30) or by prostacyclin release (8) by remnant endothelial cells, resulting in increases in coronary blood flow and shear stress. Increases in Re, De, and Re s indicate that blood flow in the LAD remains lami- nar after stent implantation but that secondary flow could be potentiated.
The present results also indicate that stent implantation alters the fluid dynamic responses of the coronary artery to pronounced vasodilation. Adenosineinduced reductions in coronary vascular resistance and increases in Re, De, and indexes of were attenuated after the stent was deployed. Re and De were lower in the presence of adenosine after stent implantation, suggesting that the stent attenuated skewing of the laminar axial velocity profile toward the epicardial luminal surface of the vessel and reduced secondary flow at the myocardial wall, an observation that was occasionally noticed during velocity profile reconstruction after stent implantation. Interestingly, the magnitude of adenosine-induced LAD coronary blood flow velocity waveforms proximal and distal to the stent was less pronounced and contained more transients during end diastole than those in the absence of the stent (Fig. 2 ), suggesting that the impedance mismatch between the implanted stent and native artery may be maximized during pronounced vasodilation and that the transients in these waveforms may be due to reflected waves or secondary flow within the stented region of the vessel. In contrast, adenosine-induced increases in Re s were similar after stent placement, implying that increases in secondary flow during profound coronary vasodilation were similar in the absence and presence of the stent. Attenuation of indexes of after stent implantation during administration of adenosine suggests that the stent partially inhibits flow within this region of the vessel, resulting in localized regions of low shear stress that may potentially increase particle residence time, contribute to vascular smooth muscle cell migration and proliferation, and induce intimal hyperplasia (9, 18, 32) . This hypothesis remains to be tested. The results further indicate that coronary blood flow reserve is also attenuated in the presence of a stent. Increases in coronary flow reserve after placement of coil or slotted-tube stents have been previously described in patients with coronary artery stenoses (29) . However, the present results in dogs with normal coronary arteries suggest that the presence of a slotted-tube stent impedes coronary compliance within this vascular segment. This paradox is likely due to the difference between placing a stent in a healthy vessel as opposed to a calcified vessel and elucidates changes in the mechanical properties within this vascular segment after stent implantation.
Adenosine infusion resulted in decreased Poiseuillean resistance and compliance within the stented region before stent implantation. Similarly, Poiseuillean resistance within this region decreased after stent implantation but was greater than during the adenosine intervention before stent implantation. Also, the compliance of the stented region was effectively reduced to zero after stent implantation in the presence or absence of adenosine (Table 1, Fig. 2) . These results suggest that hemodynamic alterations secondary to resistance and compliance differences (i.e., impedance mismatch) between stented and native regions of the LAD may depend on the ability of the stented vessel to dilate, a vascular property that is limited by the mechanical and geometric characteristics of the stent.
The findings of this investigation demonstrate that adenosine-induced alterations in u at the epicardial and myocardial surfaces proximal and distal to the stent were unchanged after the stent was deployed. These findings contrast to some degree with the results of computational models and flow visualization studies (4, 5, 23, 32, 33) . The Doppler method used in the present investigation has been previously utilized to resolve differences in shear stress between the epicardial and myocardial luminal surfaces (3), but its efficacy in assessing u distributions immediately proximal and distal to the stented region of a coronary artery has not been specifically evaluated.
The present results should be interpreted within the constraints of several potential limitations. Stent implantation was performed in a retrograde fashion through a snared, small distal branch of the LAD. This technique clearly differs from the antegrade introduction of coronary stents used in the cardiac catheterization laboratory and was used to minimize the extent of vascular injury associated with stent placement. However, the ligation of this small LAD branch may have affected regional coronary perfusion to some degree by producing ischemia in an area of myocardium adjacent to the stent. Nevertheless, the LAD branch remained ligated before and after stent placement, and the coronary vascular response to adenosine should not have been differentially affected by this technique. Adenosine produced decreases in heart rate, mean arterial and LV systolic pressure and ϩdP/dt max of similar magnitude before and after stent placement. However, coronary perfusion pressure remained well within the autoregulatory range, and adenosine-induced increases in coronary blood flow observed here in normal coronary arteries were similar to those previously observed when arterial pressure was restored to baseline values by using partial aortic occlusion (12) . Thus it is unlikely that differences in indexes of fluid dynamics between stented and normal coronary arteries during administration of adenosine were related to differential actions on systemic hemodynamics. The present results were obtained in acutely instrumented healthy dogs, and it is likely that differences in shear stress distributions observed in response to adenosine after stent implantation may be temporally affected as a result of progressive endothelialization of a chronically implanted stent and coronary artery disease. The present investigation was conducted by using a slottedtube stent, and changes in adenosine-induced coronary flow dynamics that occur with other stent geometries cannot be directly inferred from the present results. However, it would appear likely that other types of stents with similar thickness, stent-to-artery ratios, and radial strength properties might yield similar findings. Nevertheless, the impact of various stent designs on local flow disturbances requires further investigation.
In summary, this investigation indicates that slotted-tube stent implantation attenuates alterations in coronary fluid dynamics produced by adenosine in an acutely instrumented canine model. These results may be due in part to impedance mismatching between stented and adjacent nonstented regions, as well as alterations in u caused by stent implantation. Improved stent designs aimed at minimizing flow disturbances may lead to reduced vascular injury, improved stent performance, and ultimately lower rates of restenosis.
